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Abstract

Shergotty—Nakhla—Chassigny (SNC) meteorites provide the only available samples of Martian material. The stable
permanent magnetization of SNC meteorites has been traditionally attributed to magnetite (Fe;0,4) or pyrrhotite (Fe;Sg). On the
basis of rock magnetic, microscopic, and electron microprobe analyses on rock chips and mineral separates, we suggest that a
new material (Fe—Cr—Ti spinel) is responsible for the stable paleomagnetic record of Martian meteorite SaU 008. It is possible
that SaU 008 acquired a primary remanence of thermal origin from the Martian crustal field. However, this proposition requires
further testing because the effect of shock events on Fe—Cr-Ti spinel is unknown.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Mars currently possesses no magnetic field of
internal origin. The estimated maximal present-day
Martian magnetic field originating from weak Mar-
tian dipole is ~0.5 nT at the equator, compared to
~30,000 nT for Earth [1]. However, strong surface
magnetizations have been inferred from high ampli-
tude magnetic anomalies over much of the southern
hemisphere [2,3]. Very low surface magnetizations in
the younger northern hemisphere indicate that the
crust was formed after the cessation of the Martian
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dynamo [2-4] or that the crust has been demagne-
tized [5]. Since the southern hemisphere is older, it
has been suggested that younger andesitic volcanism
resurfaced most of the northern lowlands [6] or the
basalts in northern hemisphere have been weathered
[7]. High amplitude magnetic anomalies are confined
mostly to the older southern terrains, implying that
the Martian magnetic field existed only during the
early Noachian (~4 Ga). However, the exact timing
of initiation/cessation of the Martian dynamo is still
unresolved [8,9]. Furthermore, a recent analysis of
the Mars Orbiter laser Altimeter (MOLA) data
suggests that the Martian lowlands (in northern
hemisphere) are older than the plains that cover
them [10].
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Martian meteorites can potentially provide informa-
tion on the timing and the magnitude of the Martian
dynamo. There are about two dozen Shergoty—Nakhla—
Chassigny (SNC) meteorites, whose Martian origin has
been confirmed by isotopic measurements of trapped
noble gases in shock-melted glass [11]. For instance,
the estimated CO, and N, in SNC meteorites is in
agreement with that determined by mass spectrometer
measurements made by the Viking Lander [12]. The
crystallization age of SNCs varies from 165 Ma to 4.51
Ga, but they all show young ejection ages <20 Ma[11].
SNCs typically contain maskelynite shock metamor-
phosed plagioclase), pyroxene, olivine, and opaque
minerals (mostly chromites).

Earlier paleomagnetic investigations on SNC mete-
orites suggested that at least part of the natural
remanent magnetization (NRM) of SNCs was possibly
acquired in an ambient magnetic field on the parent

body [13-23]. Interpretation of the origin of the
remanence in SNC meteorites, however, is complicated
by uncertainty in the magnetic phase responsible for the
stable remanence. For example, Fe-sulfide and (tita-
no)magnetite have both been suggested as the domi-
nant remanence carriers in ALH 84001 [17-19,22,23].
In addition, Weiss et al. [22] noted a weak magnetic
signal apparently associated with Cr-spinels
(Fel '05CI'1 '31A10'35Mg0'20Ti0_0604). HOWeVer, two most
recent studies all indicate that magnetite (whether
biogeneic or shock-produced from iron-rich carbonate)
is the main remannece carriers in ALH 84001 [22,23].

2. Martian meteorite SaU 008

A total of 9923 g of SaU 005/008 was retrieved on
26 November, 1999 at Sayh al Uhaymir desert, Oman.

200 gm

Fig. 1. SEM image of the thin section of SaU 008 showing abundant Olivine (OL), Pyroxene (PX), and Maskelynite (MK). Four opaque
minerals are Cr—Fe spinel (CFS), Fe—Cr-Ti spinel (FCTS), ilmenite (IM), and Fe-sulfide (FS).
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Two main pieces of SaU 005/008 (combined 9923 g)
were collected at two sites (which are ~2 km apart) on
Sayh al Uhaymir Desert, Oman. Other additional
fragments are SaU 051 (436 g), SaU 060 (42 g), SaU
090 (95 g), SaU 094 (223 g), SaU 120 (75 g), and SaU
150 (107 g) [24]. In this study, we report magnetic
data from a shergottite meteorite SaU 008, a Martian
meteorite collected in the Sayh al Uhaymir desert of
Oman [24], which suggests a new type of material
(Fe—Cr-Ti spinel) as the dominant magnetic rema-
nence carrier.

SaU 008 drew attention because it shows the
least terrestrial weathering among SNCs and because
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it was crystallized in a plutonic regime [24]. In
particular, lack of zonation and bigger size of
groundmass strongly indicates that SaU was crystal-
lized at plutonic or sub-volcanic environment [24].
The radiometric and ejection ages of a sister
meteorite SaU 005 are 1.01+0.11 Ga [25] and
1.27-1.50 Ma [25,26]. Mineralogic data from a
sister meteorite SaU 094 showed three main minerals
~48-58% pyroxene (dominantly pigeonite), ~22—
31% olivine (Fogs_g9) and ~8—16% plagioclase
together with minor amounts of chromite, titanian
magnesium chromite, ilmenite, and pyrrhotite
[24,27.28].
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Fig. 2. a) Alternating-field (AF) demagnetization of anhysteretic remanence (ARM) and natural remanence (NRM). Inset is the vector projection
of AF demagnetization of NRM in which open circles and squares represent horizontal- and vertical-plane projections. NRM* is calculated by
projecting the overprinted fraction (AF demagnetization from 0 to 20 mT) towards the direction of primary remanence. Note that ARM and
NRM* show similar AF demagnetization spectra. b) A similar demagnetization trend of NRM was observed for the bulk chip (see a)) and 8
mineral separates. ¢) Temperature dependence of saturation magnetization (=Mj) at high temperatures. d) Variation of squareness (=saturation
remanence over saturation magnetization, M,/Mj) as a function of temperatures.
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3. Results

In this study, we used three mm size chips and 20
individual opaque separates of SaU 008. Scanning
electron microscopy (SEM) identified olivine, abun-
dant pyroxene (pigeonite), maskelynite, and other
opaque phases (Fig. 1).

Stepwise alternating-field (AF) demagnetization
was carried out using a Sapphire Instruments SI-4
static AF generator. AF demagnetization indicates that
SaU 008 has a stable remanence with two magnet-
ization components (Fig. 2a). A low stability compo-
nent, representing about 15% of the NRM, was
removed by AF demagnetization to 20 mT (Fig.
2a,b). AF demagnetization of NRM* and anhysteretic
remanent magnetization (ARM) is very similar (Fig.
2a). NRM* is calculated by projecting the overprinted
fraction (AF demagnetization from 0 to 20 mT)
towards the direction of primary remanence. ARM
was generated in an AF decaying from 180 mT with a
superimposed steady field of 100 pT. In vector
projection (see inset of Fig. 2a), the characteristic
component spans AF demagnetization from 20 to 100
mT. Thermal demagnetization was not carried out
because the temperature dependence of magnetic
hysteresis (measured on a sister chip) indicated that
significant alteration began at 350 °C (Fig. 2c¢).

What mineral is responsible for this stable mag-
netic component? Four opaque minerals were identi-
fied from SEM and electron microprobe analyses: Fe-
sulfide, ilmenite, and two spinels (Fig. 1, Tables 1 and
2). For microscopic analysis, we used FEI Quanta 600

Table 2
Composition of Fe-sulfide (bulk chip) based on electron microprobe
analysis

Element Fe-sulfide Normalized to S
(%)
Al 0.14 0.0046
Ca 0.02 0.0002
Cr 0.05 0.0008
Fe 58.30 0.9313
Mg 0.62 0.0219
Mn 0.04 0.0002
Ni 4.90 0.0755
S 34.76 1
Si 1.20 0.0371
Ti 0.03 0.0006
Total 99.47

All the reported values are the average of 10 microprobe analyses.

Environmental SEM and Cameca Camebax micro-
beam electron microprobe facility at the Scripps
Institution of Oceanography. For SEM work, opaque
minerals were compositionally homogeneous in mul-
tiple analyses ~2 um spot size.

Both spinels are rich in Cr, Fe, and Ti and have
significant amounts of Al and Mg (Table 1). We term
these spinels Cr—Fe spinel (Cry s3FeqgqAlg20Mgg a3
Ti0A0604) and Fe-Cr-Ti spinel (FelA44Cr0_(,3Ti0_45
Mg »3Aly304). Of the four opaque phases, ilmenite
is paramagnetic and therefore will not contribute to
the room-temperature remanence. We observed no
hematite (Fe,O3), either as discrete grains or as
lamellae within ilmenite. The absence of hematite or
hematite—ilmenite lamellac in SNCs is common,

Table 1

Composition of oxides (bulk chip and magnetic separates) based on electron microprobe analysis

Wt.% Cr—Fe spinel Fe—Cr-Ti spinel 3 magnetic separates Ilmenite

# of determination 5 6 6 5

ALO; 7.06 (2.08) 5.61 (1.06) 4.92 (1.60) 1.29 (2.17)
CaO 0.12 (0.11) 0.10 (0.07) 0.01 (0.02) 0.07 (0.09)
Cr,04 55.10 (4.11) 22.49 (2.73) 20.37 (3.74) 0.61 (0.53)
FeO+Fe,0; 27.60 (3.47) 48.74 (3.95) 49.95 (2.43) 42.95 (3.52)
MgO 4.44 (0.90) 4.30 (0.45) 3.54 (1.22) 5.02 (2.28)
MnO 0.02 (0.02) 0.02 (0.04) 0.01 (0.02) -

NiO, 0.10 (0.14) 0.02 (0.03) 0.01 (0.02) -

Sio, 1.08 (1.44) 0.55 (0.25) 0.04 (0.04) 0.80 (0.77)
TiO, 2.23 (4.97) 16.99 (3.76) 20.29 (3.11) 48.79 (1.45)
Total 99.11 98.82 99.15 99.53

All the reported values are the average of several electron microprobe analyses. Numbers within the bracket represent the difference between
maximum and minimum weight percentage. Sulfur was absent on these oxides.



Y. Yu, J.S. Gee / Earth and Planetary Science Letters 232 (2005) 287-294 291

Table 3
Composition of oxides (non-magnetic mineral separates) based on
electron microprobe analysis

Wt.% Mineral separate A Mineral separate B
# of determination 2 2

AL O3 5.98 0.60
CaO 0.45 0.07
Cr,03 56.09 0.80
FeO+Fe,05 29.09 44.44
MgO 4.32 4.90
MnO 0.00 0.00
NiO, 0.13 0.00
SiO, 0.05 0.61
TiO, 2.38 48.39
Total 98.49 99.81

All the reported values are the average of two electron microprobe
analyses. Mineral separate A and B are Cr—Fe spinel and ilmenite,
respectively (see Table 1).

despite the emphasis placed on these phases as a
potential source of strong magnetic anomalies on
Mars (e.g., [29-33]).

As commonly observed in other SNCs, SaU 008
also contains Fe-sulfide (Fig. 1). Electron microprobe
data indicate compositions (Fe/S~0.93, Table 2)
between that of antiferromagnetic (non-magnetic)
troilite (FeS) and hexagonal pyrrhotite (FejoSiy),
rather than ferrimagnetic monoclinic pyrrhotite
(Fe;Sg). The lack of a low-temperature transition at
30-34 K during magnetic hysteresis measurements
also confirms that the monoclinic form (Fe;Sg) of
magnetic pyrrhotite is absent in SaU 008 (Fig. 2d).
Thus, it appears that either the Cr—Fe spinel or Fe—Cr—
Ti spinel (Table 1) may be responsible for the
remanence in SaU 008.

In order to clarify the magnetic phase responsible
for the stable NRM behavior, we compared the
magnetic behavior of rock chips with that of
individual mineral separates. Among 20 individual
mineral separates (60—200 pm in length) that we
analyzed, 12 grains were too weakly magnetized to
measure (<5x107% A m?) while 8 grains had a
measurable remanence and show demagnetization
behavior of NRM that closely matches that of the
rock chips (Fig. 2b).

We have also determined the temperature depend-
ence of hysteresis using a low-temperature vibrating
sample magnetometer at the Institute for Rock
Magnetism, University of Minnesota. Hysteresis

loops were measured at various temperatures from
30 K to 290 K in a peak field of 1 T in field
increments of 10 mT. The similarity between rock
chips and mineral separates is also found in the
temperature dependence of magnetic hysteresis (Fig.
2¢c,d). For example, both chips and individual
separates show essentially the same variation during
heating (Fig. 2¢). The substantial alteration above 300
°C precludes the estimation of the Curie temperature,
but the Curie point must be above 300 °C (Fig. 2c).
The squareness (defined as saturation remanence (M)
over saturation magnetization (M;)) shows a system-
atic broad increase below 150 K (Fig. 2d). Grain size
differences of the remanence carriers can explain the
slight difference of squareness between magnetic
separates and the host chips (Fig. 2d). In particular,
the small Fe—Cr—Ti spinels embedded within silicates
(Fig. 1) may result in a higher squareness for the rock
chips (Fig. 2d).

Most importantly, electron microprobe data indi-
cate that all analyzed magnetic separates that show
similar magnetic behaviors to the host chips are Fe—
Cr—Ti spinels (Table 1). They have compositions very
similar to the Fe-Cr-Ti spinels observed inside the
host chip (Fig. 1, Table 1). Thus, the Fe—Cr—Ti spinel
grains apparently are responsible for the stable
magnetic record of SaU 008. In order to explain the
magnitude of the NRM of the host chip, we need 1.1—
1.6% volume concentration of magnetic Fe—Cr-Ti
spinel (e.g., 108.2-136.3 mA/m for magnetic sepa-
rates versus 1.50-1.71 mA/m for rock chips). This

Table 4
Composition of Fe-sulfide (non-magnetic mineral separates) based
on electron microprobe analysis

Element Fe-sulfide Normalized to S
(%)
Al 0.03 0.0010
Ca 0.01 0.0002
Cr 0.00 0.0000
Fe 58.24 0.9533
Mg 0.01 0.0004
Mn 0.01 0.0002
Ni 5.65 0.0883
S 34.97 1
Si 0.15 0.0049
Ti 0.03 0.0006
Total 99.10

The reported values are the average of 4 microprobe analyses.
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estimation roughly fits with the observed amount of
Fe—Cr-Ti spinel under the SEM photo (Fig. 1).

Among 20 individual mineral separates that we
analyzed, 12 grains were too weakly magnetized to
measure (<5%10°% A m?). In order to exclude the
possibility that other phases are responsible for the
magnetic remanence, we carried out electron microp-
robe analysis on non-magnetic separates. We observed
Cr—Fe spinel, ilmenite, and sulfide (Tables 3 and 4)
whose compositions are virtually identical to those
observed within the bulk chip (Tables 1 and 2). Thus,
we can safely dismiss the possibility that Cr—Fe
spinel, ilmenite, and sulfide are contributing to the
magnetic remanence.

4. Discussions

While the observed data suggest that the Fe—Cr—Ti
spinel is responsible for the remanence in SaU 008,
little is known about the magnetic properties of
intermediate composition in the spinel solid solution
series. Of the end member spinel compositions, only
Fe;04 and MgFe,0,4 are magnetic at room temper-
ature with spontaneous magnetizations of 480 kA/m
[34] and 112 kA/m [35], respectively. Since most of
other spinel end member compositions are non-
magnetic at room temperature, a linear mixing model
might suggest a spontaneous magnetization of the Fe—
Cr—Ti spinel (Feq 44Crg 63Tig 45Mg0.23Al9.2304) that is
~20-30% of that of Fe30,4. The observed spontaneous
magnetization of Fe1444CI'0.63Ti0_45Mg0A23A10423O4 was
148-162 kA/m, roughly fits with the estimation.
Although we cannot exclude fine scale exsolution of
other magnetic phases (such as Fe;04 and MgFe,0y),
even complete exsolution of such phases appears
inadequate to account for the observed high sponta-
neous magnetization.

The observed Fe—Cr-Ti spinel (Fe; 44Crg.¢3
Tip45Mgo23Alp2304) contains abundant Ti, some-
what different with the composition of magnetic Fe—
Cr rich spinel often observed on terrestrial rocks (e.g.,
[36-38]). It is possible that the terrestrial Cr/Fe-rich
spinel involves a simple solid-solution of two end
members (magnetite and chromite) while the Martian
Cr/Fe-rich spinel involves additional contribution
from other end members such as ulvospineal
(Fe22+TiO4) and/or Mg, TiO,.

Similar AF demagnetization of the NRM and ARM
(Fig. 2a) may imply a thermal origin of the NRM
because ARM and TRM share similar AF demagnet-
ization spectra [39]. If the remanence is a TRM, does
SaU 008 provide a record of the Martian magnetic
field? Given the age (~1.0 Ga), the remanence might
reflect either a field of internal origin for a long-lived
dynamo [8,9] or a remanence produced by the Martian
crustal field generated by an early dynamo [2—4].

The results above highlight several difficulties with
using meteorite samples to make inferences about the
Martian dynamo. First, most previous magnetic
studies have lacked definitive information (electron
microprobe data) on the composition of the opaque
phases and/or the low-temperature analyses [13-23].
As shown in recent studies ([24], this study), the
observed Fe-sulfide is often not magnetic. Further-
more, lingering uncertainties in the remanence carriers
for ALH 84001 have led to varying interpretations of
the significance of the remanence in this ancient
meteorite [17-19,22,23].

Second, the possible role of impact events in
modifying the remanence carried by pyrrhotite [20,40]
and Fe-oxide [41-45] has recently been emphasized.
There are at least two shock events (Martian ejection
and terrestrial entrance) that could influence the
magnetization of SNCs. In particular, the Martian
ejection phase is often accompanied by pressures of
over 15 GPa and temperatures over a few hundred
degrees Celsius [11]. For example, (U-Th)/He ther-
mochlonology suggests that SNC meteorite Los
Angeles experienced a strong shock during ejection
[46]. On the other hand, U-Th-Pb dating on ALH
84001 phosphates show no evidence of extended
heating since 4 Ga [47].

If NRM is affected by shock events, can paleo-
magnetism resolve such a signal? Unfortunately, a
standard zero-field demagnetization alone is poorly
suited to detect the effect of shock events. We suggest
that paleointensity determination (although it is a
destructive technique) would provide the most unam-
biguous evidence for shock events and the signifi-
cance of the remaining primary remanence in
meteorite samples such as ALH 84001. Because the
ejection age of SNC meteorites are uniformly young
(<20 Myr) [11] and occurred at a time where the
Martian dynamo was likely absent [2—4], shock
effects might be expected to demagnetize some



Y. Yu, J.S. Gee / Earth and Planetary Science Letters 232 (2005) 287-294 293

fraction of the preexisting remanence. Then, it should
produce a distinctive sigmoidal pattern of paired zero-
field and in-field step heatings because the sample
will acquire a laboratory remanence while maintaining
nearly constant NRM for the temperature intervals
that were affected during the shock events.

Regardless of whether SaU 008 preserves a record
of the Martian field, Fe—Cr-Ti spinel should be
considered as a candidate for explaining the high
amplitude Martian magnetic anomalies and the stable
remanence of SNCs. The Curie point for the Fe—Cr—Ti
spinel is >300 °C, permitting remanence at depths of
up to 20—60 km assuming a thermal gradient of 515
K/km [48].
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